Abstract. Since their discovery, carbon nanotubes received a great deal of attention because of unique physical and chemical properties. However, in order to become of interest in the field of super resistant fibers for nanocomposite materials or in the production of textile material, very long carbon nanotubes are needed. Massive samples of well packed, vertically aligned and very long selfstanding multi wall carbon nanotubes (MWNT) were synthesized on uncoated silicon by a very efficient thermal CVD process, which involved the co-evaporation of camphor and ferrocene in a nitrogen atmosphere. We obtained structures with diameter between 20 and 80 nm with an average growth rate of about 400 nm/s, organized in thick carpets of entangled nanotubes. By the weight of the deposited carpet of MWNTs (density circa 0.8 g/cm 3 ) the conversion of about 30% of the total hydrocarbon feedstock was calculated. Morphology and physical properties were characterized by electron microscopy techniques, MicroRaman spectroscopy and thermogravimetric analysis. The analyses performed showed the absence of secondary carbonaceous products, whereas only 6% in weight of ferromagnetic iron clusters are present. BET analysis was used to calculate the porosity and the specific surface area density of the as grown samples, which resulted approximately 70 m 2 /g. Hydrophobicity of the CNT carpet was also investigated.
Introduction
Carbon nanotubes and other nanostructures have received a great deal of attention in many research fields because of their unique physical and chemical properties. They were first reported in 1991 [1] , but currently the gap towards application is closing in many fields such as chemical and biological catalysis or separation, energy storage, composites for coating or filling [2, 3] , devices for molecular imaging or sensing [4] , nanoelectronic devices, field emission devices [5] and so on. Nowadays, the bottleneck in the carbon nanotechnology is represented by the growth process, in order to achieve worthwhile quantities of a material which should be of high purity and well defined orientation. So far, mainly three techniques have been implemented for the growth of CNTs, but only chemical vapor deposition (CVD) seems able to satisfy the requirements of a high purity material and a reasonable growth rate, compared to arc-discharge and laser ablation methods. In this work, we report the characterization of the material grown by a new and relatively simple thermal-CVD method which does not require pretreated substrates, it does not involve elevated working pressures and in principle it is simple and inexpensive. This method allowed the massive production of vertically well-oriented multi-walled carbon nanotubes, on uncoated substrates. In particular we were able to grow CNTs at a high deposition rate (up to 400 nm/s) and yield (over 30% in weight).
Experimental
The growth of CNTs was obtained by a chemical vapor deposition (CVD) technique in which an inert gas flow carries a reactive gas evaporated from a solid mixture of catalyst and carbon source, led to the boiling point. Deposition was carried out at 850°C on crystalline silicon and quartz substrates. The CVD reactor consists of a horizontal quartz tube housed in a cylindrical furnace, in which the inert gas (usually nitrogen) is used to carry the gas mixture of precursors towards the center of the furnace, where pyrolysis of the gases takes place and the films are deposited on the substrates (for details of the growth process, see [6] ). We have analyzed the samples morphology by scanning electron microscopy, and the sample nanostructure by high resolution transmission electron microscopy. Electron probe microanalysis (EPMA) was also used to estimate the composition of samples and the presence of impurities. Surface area and porosity analyses were performed by Brunauer-Emmett-Teller method (BET). Samples were also analyzed with micro Raman spectroscopy (excitation obtained by green laser at 514 nm), in order to obtain information about the structure. Thermal degradation of nanotubes was determined in a thermo-gravimetric analysis (TGA). The samples were placed in an alumina sample pan, and the TGA experiments were performed with a 60 cm 3 /min nitrogen flow (gas chromatography purity 99,999%) and with 20°C/min heating ramp. Thermo-oxidation of the samples was also determined with TGA using a similar heating ramp, but in a 60 cm 3 /min air flow. Wettability performances were achieved measuring the water contact angle by means of the sessile drop method.
Results and discussion
By the use of a thermal-CVD growth method, described elsewhere [6] , we were able to grow carbon nanotubes arranged in carpet of several thicknesses composed by vertically aligned and compact nanostructures. Such carpets were growing on crystalline silicon normally to the substrate surface, and were afterwards mechanically removed from silicon with a razor blade, to perform the characterization analysis. Typical SEM images obtained from several films show that the carpet is growing normal to the substrate surface (Fig. 1a) . By SEM characterization we found out that our CNTs have a diameter between 20 and 80 nm in average, and a length that varies between few and few hundreds of micrometers (Figs. 1b,c) . Fig. 1d shows that the MWNT, although macroscopically aligned, are not fully aligned in a nanoscale dimension, but they present a structure which is rather entangled. This entanglement lead to a structure which might improve the mechanical properties of the single nanotube, i.e. by strengthening the resistance to traction in the direction of the macroscopic alignment. This feature has to be confirmed by further investigation and specific measurements. Figs. 1 show also that the MWNT carpet is free of byproducts such as amorphous carbon and other graphitic carbon structures, information well confirmed by Electron probe microanalysis (EPMA) investigation.
38
Diamond and Other New Carbon Materials IV HR-TEM investigation (Fig. 2) exhibited the presence of MWNTs, in which the iron particles were mainly in the tip and rarely in the body, suggesting that tip-growth mechanism [7, 8] is predominant. This idea was confirmed by EPMA, which gave a higher concentration of iron on the top of our structures (about 4 times higher than on the remaining of the sample). Micro-Raman spectra (Fig. 3) showed the typical feature of carbon-based materials: the D-band (around 1350 cm -1 ) due to the disorder-induced phonon mode (breathing mode, A 1g -band) and the G-peak (1590 cm -1 ) assigned to the Raman-allowed phonon mode (E 2g -band) [9] . Most of our Raman spectra did not show the presence of the RBM vibration (150 ÷ 300 cm -1 ), typical of singlewalled nanotubes [10] . This fact indicates that we grow multi-walled structures, in agreement with the dimensions achieved from electron microscope analyses. TGA data, reported in Fig. 4a , showed a good thermal stability of MWNTs, with a not-significant weight loss before 950°C in N 2 flow (6-7% in weight) which revealed a stability graphite-like of samples. In addition, the thermo-oxidation experiments (Fig. 4b) exhibited a considerable stability up to 560°C and the presence of residue over 650°C, due to the presence of iron (about 7,0% in weight). Moreover, because of the very narrow shape of the reported TGA weight derivative we suppose a well restricted type of MWNTs and the absence of secondary carbonaceous products in the sample. This is supported both by SEM and TEM analysis and by Raman spectra. In fact, as shown in Fig. 3 , the Raman curves exhibited very sharp and well detached signals of D and G peaks. This indicates that our system allows the growth of a homogeneous material without impurities of different carbon structures.
40
Diamond and Other New Carbon Materials IV By BET analysis we have calculated the surface area density to be in the range of 70 m 2 /g and the average pore diameter of 35 nm. The experimental outcome suggested that the nitrogen used in the BET analysis was not able to enter inside the tubes, as we could expect much higher values of surface area density, due to the wide area available inside the nanotube and between the MWNT walls (as discussed in [11] ). This is in agreement with our findings from HR-TEM analysis (Fig. 2) , which shows that as-grown nanotubes generally have closed ends. Purification of carbon nanotubes by either dry etching (i.e. by oxygen plasma treatment [12] ) or wet etching (by acid or basic washing [13, 14] ) may be of help in order to open the nanotube tips and create a structure easier accessible by gases during the BET analysis, and is of sure interest for further investigation. Since the CNT carpet show (in a nanometric scale) a degree of roughness which is very high on the plane normal to the growth direction, it can be expected that a surface like that shown in Figs. 1a and 1b leads to a macroscopic superhydrophobicity, induced by the so named "fakir-state" [15] , in which a liquid drop would preferentially contact the solid surface only through the top of the asperities. In fact, what we observed in a wettability experiment was a very high value of water Advances in Science and Technology Vol. 48contact angle on the surface of the CNT carpet. Fig. 5 clearly shows that our material presents an extreme hydrophobic behavior (the water drop has a volume of 10 µl), which could be potentially useful in several practical fields, such as waterproofing of clothes or other materials, microfluidic devices, water repellent coating and so on [15, 16] . 
Conclusions
We reported the thermal-CVD growth of vertically aligned carpets of well packed multi-walled carbon nanotubes, and the characterization of the grown material by several optical and structural techniques. Our carpets showed nanoscaled structures with diameters between 20 and 80 nm, and length of several hundreds of micrometers, good thermal stability up to 950°C in inert atmosphere and interesting superhydrophobicity behavior.
